The calculation of absorbed dose in skeletal tissues at radiogenic risk has been a difficult problem because the relevant structures cannot be represented in conventional geometric terms nor can they be visualised in the tomographic image data used to define the computational models of the human body. The active marrow, the tissue of concern in leukaemia induction, is present within the spongiosa regions of trabecular bone, whereas the osteoprogenitor cells at risk for bone cancer induction are considered to be within the soft tissues adjacent to the mineral surfaces. The International Commission on Radiological Protection (ICRP) recommends averaging the absorbed energy over the active marrow within the spongiosa and over the soft tissues within 10 mm of the mineral surface for leukaemia and bone cancer induction, respectively. In its forthcoming recommendation, it is expected that the latter guidance will be changed to include soft tissues within 50 mm of the mineral surfaces. To address the computational problems, the skeleton of the proposed ICRP reference computational phantom has been subdivided to identify those voxels associated with cortical shell, spongiosa and the medullary cavity of the long bones. It is further proposed that the Monte Carlo calculations with these phantoms compute the energy deposition in the skeletal target tissues as the product of the particle fluence in the skeletal subdivisions and applicable fluence-to-dose-response functions. This paper outlines the development of such response functions for photons.
INTRODUCTION
Following the forthcoming revision of its radiation protection recommendations, the International Commission on Radiological Protection (ICRP) plans to formally adopt voxel-based computational phantoms derived from CT image data due to the improved anatomical realism compared with the mathematical 'MIRD-like (1) ' phantoms that have been used in radiation protection for the past 30 y. The proposed phantoms (2) represent the adult male and female Reference Individuals set forth in ICRP Publication 89 (3) . The complex structure of the skeleton cannot be visualised in the CT images used to define these phantoms because the dimensions of these features are below the image resolution. The active marrow, the tissue of concern in leukaemia induction, is present within the spongiosa regions of trabecular bone, while the cells at risk for bone cancer induction are taken to be within the soft tissues adjacent to the mineral surfaces. The intermixture of bone mineral and soft tissue in the spongiosa cannot be represented in conventional geometric terms nor can it be assumed that charged particle equilibrium exists in these regions.
A variety of approaches have been used to derive estimates of the absorbed dose to the active marrow and endosteal tissues. The intractable geometry of the skeleton was noted in the publication of the mathematical phantom, (1) and thus the skeleton was represented as a homogenous mixture of bone mineral and marrow. The absorbed dose to the active marrow from photon irradiation was approximated by the absorbed dose to the mixture in the regions of skeleton containing active marrow. The absorbed dose to the endosteal tissues was taken as the dose to the homogenous skeleton. These procedures were noted to grossly overestimate the dose to the active marrow while underestimating the dose to endosteal tissues at photon energies below $300 keV. Because of the overestimate at photon energies corresponding to diagnostic X-rays, Rosenstein (4) applied a correction factor to the computed dose in the active marrow, which represented the ratio of the mass energy absorption coefficient for active marrow to that for the homogeneous skeleton times the enhancement of the marrow dose suggested by Spiers (5) . Similar correction factors for the active marrow dose were introduced into the Monte Carlo calculations by other investigators (6 -8) . Eckerman and co-authors (9 -11) undertook the development of response functions for use in Monte Carlo simulations in 'MIRD-like' phantoms, which relate the absorbed dose in the skeletal tissues to the photon and neutron fluence in skeletal regions. The response functions considered separately the interactions liberating secondary particles from the processes depositing energy in the target tissues. In these calculations, the geometry of the spongiosa was represented in a probabilistic manner based on chord-length distributions measured in planar sections of the spongiosa by Spiers and co-authors (12 -14) at the University of Leeds. These response functions were used in the calculation of photon-specific absorbed fraction data (10) for internal photon emitters and in the photon and neutron dose estimates for the survivors of Hiroshima and Nagaski (15) . In recent work at the University of Florida, microCT 3-D images of bone specimens have been used to derive electron absorbed fraction data (16) . An important aspect of these new data is the consideration of (1) electron escape from the spongiosa to the cortical shell surrounding the spongiosa, (2) the 50-mm depth from the mineral surface for the osteoprogenitor cells and (3) electrons originating in the cortical shell irradiating the spongiosa. A revision of the photon response functions is thus undertaken here as (1) the cells at risk for bone cancer induction are now considered to be localised out to 50 mm from the mineral surfaces of the spongiosa in trabecular bone and the medullary cavity of cortical bone, (2) the newer electron absorbed fraction data overcomes some of the weakness in the earlier data, and (3) the skeleton is defined in greater detail in the proposed ICRP computational phantoms. The latter development enables the composition of the individual bone regions to be considered in transport calculations and the fluence in the cortical shell and spongiosa derived in a manner that minimises concern regarding the depression of the flux in the spongiosa due to the cortical shell.
RESPONSE FUNCTION FORMULATION
Consider the spongiosa of a bone (Figure 1 
where f(T r; E i e ) is the fraction in energy of a secondary electron liberated in r with energy E i e that is absorbed in target region T, m r,i (E) denotes the mass attenuation coefficient in medium r for photon interaction i (i, photoelectric, Compton and pairproduction) and n r (E i e ) dE i e denotes the number of secondary electrons of energy between E i e and E i e þ dE i e liberated in region r by photon interaction i. A similar equation can be written for the photon fluence in the cortical shell surrounding the spongiosa. Photoelectrons are assumed to be of discrete energy equal to that of the photon because the binding energy of electrons in the low atomic number elements of the body is rather small. The energy distribution of Compton electrons and the positron -electron pair are continuous; the former is described by the Klein -Nishina relationship (17) and the latter is taken as uniform from zero up to a maximum given by the photon energy less 1.02 MeV. The contributions of secondary electrons liberated by photon interactions in the trabeculae and marrow space of the spongiosa of the cranium to the absorbed dose in the active marrow and trabecular bone endosteum is illustrated in Figures 2 and 3 . The trabecular bone endosteum, denoted as TBE 50 , represents the soft tissues within 50 mm of the mineral surfaces of the spongiosa. Note the contribution of the secondary electrons liberated in the trabeculae to the absorbed dose in the targets and in particular, their substantial contribution to the absorbed dose in the TBE 50 target.
RESULTS
Fluence-to-dose -response functions have been calculated for photon energies between 10 keV and 10 MeV for 13 bone sites. The characteristics of these bone sites are listed in Table 1 . The bone marrow cellularity, that is the mass fraction of the marrow that is active marrow, corresponds to the quotient of fluence in the cortical shell strongly depends on the particular bone group as seen in Figure 5 . The response functions for fluence in the cortical shell are one to two orders of magnitude lower than those for the spongiosa. At low-photon energy considerable noise is evident in response function of Figure 5 . This arises from the statistical uncertainties in the absorbed fraction values for low-energy electrons liberated in the cortical shell. This can be addressed by smoothing the electron data at low energy. 
Trabecular bone endosteum

CONCLUSIONS
The macro-level subdivision of the skeleton achieved in the proposed ICRP computational phantoms in conjunction with fluence-to-dose -response functions based on the micro-structure of the bones of the skeleton provides a state-of-the-art procedure for computation of the dose to skeletal tissues at risk. Further efforts are necessary to address the cortical bone endosteum region in the medullary cavities of the long bones and to compute the response functions for neutrons. A more comprehensive set of response functions is being prepared for subsequent use in Monte Carlo calculations with the new ICRP phantoms. It is anticipated that the set of function will be included in the publication of the ICRP phantoms. 
